Abstract: Vitamin D deficiency is widely prevalent in India, despite abundant sunshine. Fortification of staple foods with vitamin D is a viable strategy to target an entire population. Vitamin D fortification programs implemented in the United States and Canada have improved the vitamin D status in these countries, but a significant proportion of the population is still vitamin D deficient. Before fortification programs are designed and implemented in India, it is necessary to study the efficacy of the American and Canadian vitamin D fortification programs and then improve upon them to suit the Indian scenario. This review explores potential strategies that could be used for the fortification of foods in the Indian context. These strategies have been proposed considering the diverse dietary practices necessitated by social, economic, cultural and religious practices and the diverse climatic conditions in India. Fortification of staple foods, such as chapati flour, maida, rice flour and rice, may be more viable strategies. Targeted fortification strategies to meet the special nutritional needs of children in India are discussed separately in a review entitled, "Fortification of foods with vitamin D in India: Strategies targeted at children".
Introduction
Micronutrient deficiencies tend to exist where diets lack diversity and intake of animal products is minimal. Therefore, poor sectors of the world, of developing or even developed countries, may have poor diets, even in conjunction with sufficient energy intake. One of the consequences of industrialization is reduced intake of many micronutrients, because of the large dependence of the food industry on salt, sugar, vegetable fats and refined cereals, all of which are poor sources of vitamins and minerals. Individuals whose diets depend heavily on these products often do not meet the daily requirement of many micronutrients. Micronutrient malnutrition is a widespread problem throughout the world, and it has both health and economic consequences. In poor countries, this deficiency is exacerbated by systemic infections and parasitic diseases that reduce nutrient absorption and biological utilization. In the last hundred years, clinicians and nutritionists have had to shift their focus from protein sufficiency to energy sufficiency and now to micronutrient sufficiency.
The term "vitamin D" commonly refers to compounds vitamin D 3 (cholecalciferol) or vitamin D 2 (ergocalciferol). Vitamin D 3 (cholecalciferol) is produced in the skin on exposure to sunlight. Vitamin D 3 is derived from 7-dehydrocholesterol by ultraviolet irradiation of the skin. Vitamin D is photosynthesized in the skin on exposure to UVB rays. Sun exposure alone ought to suffice to attain vitamin D sufficiency. However, even in tropical countries like India, despite plentiful sunshine, vitamin D deficiency prevails in as high as 70%-100% of ostensibly healthy individuals, due to several socioeconomic and cultural constraints [1] .
Fortification of widely consumed staple foods offers one of the simplest and most practical methods to combat micronutrient deficiencies for both poor and wealthy societies [1] . One of the earliest reports of food fortification dates back to 4000 BC, when the Persian physician, Melampus, added iron filings to sweet wine to strengthen the sailors' resistance to spears and arrows and to enhance their sexual potency [2, 3] . Six millenniums later, in 1833, the French chemist, Boussingault, recommended the addition of iodide to salt to prevent goiter in South America [4] . Vitamin A was added to margarine in 1920s in Denmark [5] . Vitamin D was added to milk in the United States in 1930s to help prevent rickets in children [6] .
The supplementation strategy certainly has greater specificity of intervention and allows better dose adjustment. However, its disadvantages are: incurred user cost, low compliance, self-prescription and increased risk of toxicity. Fortification strategy has the advantage of universality of the intervention and greater compliance. Drawbacks of the fortification strategy are: the dose is a function of food quantity consumed; lower specificity; and varying standards legislated for each country and quality control and regulatory challenges pertaining to fortification levels with the manufacturers of fortified foods.
Fortification of staple foods with vitamin D offers a viable solution to address the vitamin D deficiency epidemic in India [1] . The Indian diet is amenable to fortification with vitamin D. India has the scientific expertise to examine and implement fortification of food with vitamin D, either commercially or at the level of the local community or in an individual home. The aim of this article is to provide seminal information to encourage, examine and implement population-based strategies for the fortification of foods with vitamin D. The aim of this review is not to design a national level vitamin D fortification program, but only to discuss the pros and cons of several challenges and possibilities that may be faced in India while designing such programs. The objectives are to: (1) discuss the efficacy of vitamin D fortification strategies in the USA and Canada; (2) discuss the technological and economic feasibility of vitamin D fortification strategies in India; and (3) review vitamin D fortification strategies most suited to the Indian scenario. Targeted fortification strategies to meet the special nutritional needs of children in India are discussed in a separate review [7] .
Vitamin D Intake Required to Achieve Optimal Vitamin D Status
The issue of optimal vitamin D status is as yet unsettled. In accordance with the Endocrine Society's Clinical Practice Guidelines, the lower serum threshold for 25(OH)D level is defined here as 75 nM or 30 ng/mL [8] [9] [10] . The Institute of Medicine (IOM) recommended intake (600 IU/day) for all individuals (1-70 years) does not suffice to attain sufficiency (≥30 ng/mL) [10] . The extra intake of vitamin D needed through supplements or fortified foods, in addition to general food intake patterns and endogenous production, is 1000-4000 IU/day [10] . A recommended daily allowance (RDA), by definition, must meet the need of 97.5% of the population. Conformably, ICMR's (Indian Council of Medical Research) RDA values, for both vitamin D (400 IU/day) and calcium (600 mg/day for adults) need revision. Notably, most naturally available vitamin D-rich foods are scarce, and the dietary options are further limited for the predominantly vegetarian populace of India. Additionally, not only is milk unaffordable to socioeconomically disadvantaged people in India, it is also rarely fortified in India.
Vitamin D Fortification Strategies in the USA and Canada

Vitamin D Fortification Policies in the USA and Canada
In the USA, fortification of milk with vitamin D began in the 1930s [6] . Originally, milk was fortified with vitamin D by irradiating milk or by feeding the cows irradiated yeast. This technique was replaced in the 1940s by the simpler and more effective method of adding vitamin D concentrate to milk, as is practiced today. In the USA, vitamin D fortification of foods is voluntary, but it is strictly regulated pertaining to the categories of foods, the functional use and level of use, thus limiting over-fortification. Vitamin D is added to most milk sold in the United States, although it is not added to all milk products, like cheese and ice cream. Cheese and cheese products are permitted fortified foods in the USA. Some companies also add vitamin D to breakfast cereals, soy milk, rice milk and orange juice, usually along with calcium. In Canada, the law mandates fortification of milk (180 IU/250 mL), milk alternatives and margarine (530 IU/100 gm). Similar to USA, for other permitted foods, vitamin D fortification is voluntary, but the fortification level is limited. Most RTE (ready-to-eat) breakfast cereals in the United States are fortified with vitamin D, whereas few yogurts or margarines are fortified with vitamin D. Fortification of RTE breakfast cereals with vitamin D is unlawful in Canada [11] . Lists of selected foods fortified which are permitted in the USA were published in a 2013 review [11] . A normal serving of food is considered at least 40 calories, i.e., 2% of a daily intake of 2000 Calories. Fortification of vitamin D in permitted foods is not to exceed 20 IU/100 Calories.
Efficacy of Vitamin D Food Fortification Strategies in North America
Vitamin D fortification and supplementation strategies implemented in the USA and Canada have significantly improved the vitamin D status in these nations. Notwithstanding these interventions however, according to the National Center for Health Statistics data for March, 2011, vitamin D status of the United States (2001-2006), 33% of persons aged one year and over had serum 25(OH)D values <20 ng/mL [12] . In another review, vitamin D deficiency was reported to be still widely prevalent in the USA, with about 36% of individuals at <20 ng/mL [13] . Most natural food sources with significant levels of vitamin D are non-vegetarian. The North American diet is predominantly non-vegetarian. Notwithstanding non-vegetarianism, more than 60% of the intake of vitamin D from food comes from fortified foods in the USA [14, 15] and Canada [16] .
The potential of vitamin D fortification strategies to improve vitamin D status was reviewed [17] , and its efficacy was studied by meta-analyses [18, 19] . Foods fortified with vitamin D usually contain 100 IU per serving. Consumption of vitamin D fortified foods, especially milk, increased vitamin D intake and was effective in significantly increasing 25(OH)D levels. Other foods included some cereals, juices, other dairy products and margarine. A mean individual intake of approximately 11 μg/day (440 IU/day) from fortified foods (range 120-1000 IU/day) increased 25(OH)D concentrations by 7.7 ng/mL. This corresponded to a 0.5 ng/mL increase in 25(OH)D for each 40 IU (1 μg) ingested/day [18] . A major contributor of vitamin D from fortified foods in both countries was milk, contributing 44% to total daily vitamin D intake. The next major contributor among vitamin D fortified foods was RTE cereals in the USA [20, 21] . Notably, young males between 13 and 18 years [21] and, according to another study, males aged 9-18 years [22] had the highest vitamin D intakes among the age/sex categories. In both of the studies, older women had the lowest intakes [21, 22] . In both countries, population mean intakes of vitamin D-rich foods and vitamin D fortified foods itself was lower and did not meet the current estimated average requirement (EAR) level of 400 IU in accordance with IOM's serum levels of 16 ng/mL [23] . Therefore, when ≥30 ng/mL is considered as the vitamin D sufficiency level, the present population mean intake of vitamin D becomes much lower than what is required in both the USA and Canada. In other words, a higher proportion of the population would not meet the daily vitamin D requirement. Arguably, the fortification level of foods in both the USA and Canada is insufficient. Public health advisory of higher consumption of the existing foods fortified with vitamin D may be impractical. Higher levels of fortification of foods are needed to increase the percentage of individuals with 25(OH)D ≥ 20 ng/mL in the population.
Vitamin D Fortification Strategies in the Developing World
Implementation of fortification programs, especially in the developing world, has been lackadaisical. There may be several reasons: (1) a lack of information pertaining to micronutrient deficiency status; (2) a lack of understanding of the significance of micronutrient deficiencies and the causal burden on the healthcare system; (3) inadequate information about food consumption patterns; (4) the food industry's concerns about consumer acceptance, costs and competitive impacts; and (5) a lack of proactive political and administrative leadership to plan, initiate, monitor and sustain mass fortification programs.
Several vitamin D fortification programs have been implemented in developing countries. These programs have been summarized previously [24] . Mostly milk, milk products and margarine were fortified with vitamin D. Often foods were fortified with vitamin D in conjunction with vitamin A [24] . However, information pertaining to the continuation and success of these programs is scant.
A Necessitated Obiter Dictum: Vitamin A
Vitamin A has been used to fortify foods in several other matrices in developing countries [24] . Vitamin A and vitamin D share certain properties, like fat solubility, sensitivity to light, moisture, oxidation and (to a certain extent) thermal stability. Both vitamins, being fat soluble, also have toxicity issues. During extrusion, both vitamin A and vitamin D behave similarly [25] . Thermally, vitamin D is significantly more robust than vitamin A. Several foods, like cooking oils, margarine, milk and cereal flour, have been used for vitamin A fortification [5] . These food items are also permitted and used for vitamin D fortification in the USA and Canada [11] . Additionally, sugar has been fortified with vitamin A in South America. During the 1970s, fortification of sugar with vitamin A was first implemented in Guatemala [5, 26, 27] , followed by other Central American countries, including Costa Rica, Honduras and El Salvador [24] . Although the programs were suspended at various times since their inception due to political and other constraints, all three countries operated successful sugar-fortification programs, as reported in a 2002 review [24] . However, updated information is scant.
Fortification of Foods with Vitamin D in India: A Bespoke Strategy Is Needed
Vitamin D deficiency with its multifarious effects on health status, levies a huge burden on the healthcare system worldwide. Several advanced nations have launched nationwide fortification programs to improve vitamin D status. India must follow suit. Foods are rarely fortified with vitamin D in India. Limitations pertaining to vitamin D fortified milk, Amul™ (Anand, Gujarat, India) and Kellogg's breakfast cereals are discussed in a previously published review [1] , in Section 20. Two vitamin D fortification pilot studies in ostensibly healthy subjects were reported from India [28, 29] . These are discussed in detail in a previously published review [1] , in Section 18. These studies support the strategy of the fortification of foods in India for redressing malnutrition problems in India. They also suggest that to reach sufficiency, a daily intake of more than 1000 IU may be required to attain vitamin D sufficiency.
Technological Feasibility of Vitamin D Fortification of Foods in India
This section discusses various technological aspects of the fortification of foods with vitamin D in India, e.g., availability of fortificant(s), suitable vehicles for the fortificant(s) and certain situations specific to the Indian scenario. 3 Although vitamin D is a fat-soluble vitamin, it can be added to both "fat-rich" products, such as whole milk or cheese, and to "fat-poor" foods, such as skim milk, fat free yogurt, orange juice, etc. Several formulations of vitamin D are available to suit all matrices [32, 33] . Dry stabilized vitamin D is available and contains an antioxidant (usually tocopherol) which protects the potency of vitamin D for much longer, even in the presence of minerals. 4 The selection of suitable fortification vehicles will play an important role in India. India has a plethora of suitable and readily available fortification vehicles, which have already been tested and proven in other parts of the world. Some examples are: milk and milk products, chapati flour, rice, rice flour, soy milk, fruit juices, breakfast cereals, sugar, salt, etc.
4.1
The fortification vehicle must be a widely and regularly consumed staple food or a more processed, commercially available and affordable food, without seasonal variation in its consumption.
4.2 The fortification vehicle must allow a nutrient premix to be added relatively easily using low-cost technology and in such a way so as to ensure an even distribution, within different batches of the product.
4.3
The bioavailability of vitamin D in fortified foods, such as milk, milk powder, cheese [34] , bread [35, 36] , yogurt [37] , orange juice [30, 38, 39] , etc., is good [19] . The bioavailability of vitamin D from fortified foods fortified with vitamin D in oil-based and non-oily formulations is acceptable. However, there is no clear evidence available yet as to which expedients and fillers used along with the active principle give better results [33] .
4.4 Vitamin D fortification of foods has a minimal sensory effect [40] [41] [42] .
5 Stability of vitamin D: vitamin D is susceptible to UV light, air (oxygen) and acids. Some studies also observed degradation of vitamin D by hydrolyzed proteins [43] . Vitamin D is very stable at sub-zero temperatures and 4-8 °C. It is also stable at 25 °C for weeks. Thermal transformation of vitamin D 3 may occur between 110 and 170 °C, with an inverse relationship between temperature and time of heating [44] . However, vitamin D is generally considered as a relatively robust vitamin, which is stable during cooking up to 200 °C. The percent recovery of vitamin D 3 in fatty fish, like salmon, when fried in vegetable oil was only 50%, while the recovery from baked fish was almost 100% [45] . Stability of vitamin D 3 during cheese processing and aging of cheddar cheese and low fat cheese was 91% and 55%, respectively [46] . Vitamin D 3 exhibits >90% stability in fortified foods, including high-temperature short-time-processed 2% milk, UHT (ultra-high temperature processing; heating milk for 1-2 s, at >135 °C)-processed 2% fat chocolate milk and low fat strawberry yogurt [40] and orange juice after 30 days of storage at 4 °C [39] . Evidently, vitamin D withstands the extrusion methods of the processed-food industry fairly well [25] . 6 Methods of measuring vitamin D in foods are available [47, 48] and will be important in regulating and enforcing the levels of vitamin D added to foods.
Economic Feasibility of Vitamin D Fortification of Foods in India
The economic feasibility of food fortification would be much better than the supplementation strategy in India, as discussed in a previously published review [1] , in Section 18. A noteworthy publication entitled, "Indian social safety net programs as platforms for introducing wheat flour fortification: A case study of Gujarat, India" analyzed the cost of fortifying wheat flour in the state of Gujarat, India, with vitamin A, iron, zinc, etc. The results were encouraging [49] .
Drawbacks
Mandatory food fortification (Box 1) is politically contentious. The perception of the uninformed
and uneducated masses is generally that their food supply is being tampered with. The populace would need to be educated about the need for such measures. 2. Stringent and aggressive regulations are needed to ensure quality control and steady supply of fortified foods. 3. Fortification may also be of limited use for those with low energy intake, such as infants and young children. Targeted fortification strategy is used for their benefit.
Voluntary versus Mandatory Fortification Strategies in India
Three basic types of fortification strategies may be implemented in India (Box 1). Strategies in India would need to overcome conventional barriers to use adequate fortification levels in staple foods. A mandatory food fortification policy may be unacceptable in the initial stages, due to misconceptions and perceptions of the uninformed and uneducated masses. The option of voluntary fortification without a significant difference in the price of the product would certainly eliminate political reticence regarding fortification. Consumers respond well to voluntary fortification of food. The USA provides a good example, where it is difficult to find milk unfortified with vitamin D on the store shelves. As policymakers, manufactures and consumers are educated about the necessity and impact of vitamin D fortification, a strategic shift from voluntary to mandatory fortification may be possible.
Box 1. Types of food fortification strategies.
Classified by who they are aimed at and how they are regulated. 1. Mandatory or mass fortification of staple foods, such as milk, cereal flour, etc., is mandated and regulated by the government. It is implemented when the majority of the population has a serious public health issue of being or becoming deficient in specific micronutrients, as in the case of mandatory fortification of milk and milk products and margarine with vitamin D in Canada to address the problem of vitamin D deficiency. 2. Targeted fortification is the practice of adding sufficient amounts of micronutrients to provide large proportions of the daily needs through foods designed for specific population subgroups, such as complementary foods for infants and foods for institutional programs, such as those aimed at pre-school and school-aged children. These foods may provide a large proportion of the daily micronutrient requirements for specific target groups. A separate review addresses this strategy for children in India [7] . 3. Market-driven or voluntary fortification is a prerogative of a food manufacturer who voluntarily adds one or more micronutrients to processed foods with the purpose of adding value to their products, thereby increasing marketability and sales. The micronutrient(s) added and the levels of fortification are regulated by the government.
Determination of Adequate Level of Vitamin D Fortification in India
The levels of vitamin D fortification needed in foods may vary depending on the gap between the epidemiological realities of vitamin D status of the target population and well-defined goals. Goals need to be well defined not only for the general population, but also for specific sub-groups of the population that may have special needs, e.g., infants, young children, pregnant women, lactating mothers and senior citizens.
WHO guidelines for setting fortification levels in foods are available [32] . There are some publications using other algorithms, too. However, a detailed discussion on these methods is beyond the purview of this review. Resolution of vitamin D deficiency has two phases: (1) increasing 25(OH)D levels to more than 30 ng/mL; and (2) maintenance of serum 25(OH)D between 30 and 100 ng/mL. The objective of the fortification strategy is not to address recommended intakes of vitamin D in totality. Supplementation will always be needed for some subgroups of the population to reach the minimally desired 25(OH)D, i.e., 30 ng/mL. That said, the fortification level of foods needs to be established based on per capita consumption and the size of the vitamin D intake gap in India. Vitamin D is associated with toxicity issues. A desirable range is 30-100 ng/mL. The margin of safety for vitamin D plays a substantial role in determining permissible levels of fortification. The ratio of the targeted intake (RDA) to the upper limit (UL) for the nutrient (presently 4000 IU/day based on the IOM) determines the permissible excess intake beyond the RDA. The serum 25(OH)D levels of people whose bare skin is exposed to abundant sunshine, as in some African aborigines, commonly range from 40 ng/mL (100 nM) to 90 ng/mL (225 nM) [50, 51] . Therefore, the intake of vitamin D that can bring about such levels of 25(OH)D may be considered physiological and safe.
Determination of vitamin D fortification levels requires the following data: (1) A study of the quality of the diet of the target population and an estimation of the gaps in micronutrient intakes. Even when dietary information is scant, objectives can be initially defined based on the knowledge that consumption of dairy and other animal products is minimal in developing countries and to a lesser extent in India, due to widely practiced vegetarianism. (2) Average sun exposure is insufficient to attain vitamin D sufficiency levels, for most Indians, due to socioreligious constraints [1] . (3) The current vitamin D status in India [1] . Once a fortification program is established, continual monitoring and evaluation efforts could be used to obtain better dietary information and, more importantly, efficacy of vitamin D fortification levels used in the Indian populace. Subsequently, this information may be used to adjust the fortification levels. It is very likely that in a country like India, with diverse dietary practices, the determination of fortification levels may require data from several regions and ethnicities of the country, to arrive at algorithm(s) to suit the Indian scenario.
How to Achieve ≥ 30 ng/mL 25(OH)D Serum Levels by Fortified Foods Alone in India
The IOM's 2011 Dietary Reference Intakes (DRIs) [52] are consistent with the estimated average requirement (EAR) of 400 IU and the recommended dietary allowance (RDA) of 600 to 800 IU for those aged ≥1 year. The intake set as EARs and RDAs assume minimal sun exposure. There is no consensus on how to calculate fortification levels. In the USA, mean individual intake of approximately 11 μg/day (440 IU/day) from fortified foods (range, 120-1000 IU/day) increased 25(OH)D concentrations by 7.7 ng/mL, corresponding to approximately a 0.5 ng/mL increase in 25(OH)D for each 40 IU (1 μg) ingested [18] .
The daily intake needed in India may be estimated by using the following example (see Section 11). This example assumes that dietary intake is uniform for all individuals, which is clearly not so in the general population. Assuming that the Indian population has 25(OH)D levels of 10 ng/mL and our goal is to attain ≥30 ng/mL, concordant with the Endocrine Society's Clinical Practice Guidelines, we would need to make up for a deficiency of 20 ng/mL. Serum 25(OH)D levels increase by 0.5 ng/mL for each 40 IU/day intake [18] . Therefore, we would need 1600 IU/day or 40 μg/day intake for Indians.
Why Would We Need to Aim for 40 μg (1600 IU/day) in India?
• It raises serum 25(OH)D level by at least 20 ng/mL • An intake of 11 μg (440 IU/day) is insufficient, even in the USA.
• The current intake of 440 IU/day in the USA does prevent rickets, but about 36% individuals in the USA are still <20 ng/mL [13] .
• It would put many Indians over 30 ng/mL and may be effective for not only vitamin D's skeletal, but also extraskeletal benefits.
• In fact, a safe intake of 50 μg (2000 IU) may serve the Indians well, bearing in mind their vegetarian diets, the high phytate content in the Indian diet, dark skin, conservative clothing and already poor nutritional status. A level of 2000 IU is also well below the safe upper limit (UL) of 4000 IU [8] .
• The North American diet, which is predominantly rich in meats, dairy produce and eggs, contributes 5 μg (200 IU); therefore, the Indian diet, which is predominantly vegetarian and sparing in dairy produce, must contribute a significantly lesser amount.
• Using higher levels of vitamin D fortification in staple foods may be worth the while in the long run, convenient and affordable, especially when the tatterdemalion state of the already heavily burdened and poorly funded Indian healthcare system is taken into consideration.
Fortification of Staple Foods
Several foods may be fortified with vitamin D in India, e.g., milk, yogurt, infant formulas, ghee, soy milk, sugar, etc. These are discussed in some more detail in a previously published review [1] , in Section 19. However, widely consumed and affordable staple food items, such as chapati flour, maida (all-purpose wheat flour), rice and rice flour, may be some of the most suitable vehicles for fortification strategies in the Indian scenario. No country currently adds vitamin D to cereal staples. However, it is often added to complementary foods based on cereal and/or legumes targeted for children. Some staple foods are discussed in more detail later.
Staple foods are widely consumed by all ages and socioeconomic groups with little variation in day-to-day consumption and without seasonal variation. To a large extent, staple foods are processed at central facilities. This would be facilitative to the process of fortification and its regulation. As food prices go up, consumers often stop buying as many meats, fruits and vegetables, but there is little or no change in the consumption of staple foods. Fortification of staple foods, such as chapati flour, maida, rice or rice flour, puts more vitamins and minerals in staple foods, which people continue to purchase and consume during economic downturns too. Fortification of staple foods offers a clear advantage: all of the foods, whether cooked in individual homes or processed at the industrial level, which use these staples also get fortified as a consequence (Table 1 ). Perhaps staple foods should be fortified with vitamin D and calcium together to maximally leverage the benefits of both micronutrients. A meta-analysis showed the need for calcium and vitamin D in conjunction to reduce the risk of hip fractures [53] . Wheat and rice are the two most consumed cereals in India. Derivatives of wheat flour (including bread and other bakery products) and rice flour (idli, dosa and uthapam; these are discussed later) closely follow the consumption of wheat flour and rice depending on the region(s) of India. Wheat flour, maida, rice and rice flour may also be considered good food vehicles for mandatory fortification, given their high consumption relative to other foods in the country. Cereal flours are versatile vehicles for fortificants. Several micronutrients may be added together without causing any perceptible sensory change. The low moisture content of flours is ideal for the stability of fortificants (such as vitamin D), which are susceptible to moisture. Thus, cereal flour fortified with vitamin D may have a high shelf life compared to other staple foods, such as milk. The feasibility of vitamin D fortification of some staple foods is discussed in the following section.
The concept of the fortification of staple foods with regard to India or Indians is not novel. In 1976, consumption of fortified chapati flour (wheat flour), by subjects of Indian origin in Glasgow, was shown to significantly raise serum 25(OH)D levels. Vitamin D fortification of chapati flour was proposed in Britain to benefit the immigrants of Indian origin [54] . In 1978, a study of vitamin D intake and dietary habits of infants of Indian origin in the U.K., aged six and 18 months, concluded that to meet the nutritional needs of children of Indian origin, aged one years and above, vitamin D fortified chapati flour would be most suited [55] . In 1996, a review on osteoporosis in India discussed the U.K. department of Health and Human Services' rejection of compulsory fortification of chapati flour for immigrants of Indian origin. This review suggested strategies for mass prevention of calcium and vitamin D deficiency by fortification of foods with these nutrients in India [56] . In 2003, vitamin D fortification of milk and milk products in India was suggested [57] . A 2010 review proposed the development of a national vitamin D food fortification program for chapati flour/wheat flour [58] . The aforementioned citations are only those that were retrieved from PubMed, by using the following search words: vitamin D, food fortification and India. Factually, most Indian researchers who have published their work pertaining to vitamin D deficiency have decried the lack of vitamin D fortified foods in India. In this review, we have attempted to discuss possible strategies and their pros and cons when possible. We cannot stress enough the diverse dietary, cultural, ethnic and climactic conditions in India, and thus, the need for the bespoke strategies that are possibly most suitable to specific regions of India.
Milk
Milk, including dry and evaporated milk, is generally the preferred vehicle to fortify with vitamin D all over the world. Milk is rarely fortified with vitamin D in India. India is the largest producer of dairy milk in the world. Nevertheless, milk is unaffordable to the socioeconomically underprivileged, due to higher demand and inadequate supply. Milk supplied in India is not homogenized. There is significant stratification upon storage in unhomogenized milk, with a higher lipid concentration found in the upper layers. Since vitamin D is fat soluble, to achieve a uniform distribution of added vitamin D throughout milk, homogenization of milk will be required. Homogenization of milk will significantly reduce variability in vitamin D concentration from lot to lot, which is likely to happen in unhomogenized milk. However, the practice of homogenization will further increase the cost of milk in India. A major concern in India is the rampant dilution and/or adulteration of milk and milk products. Another factor that may be a deterrent for consumption of milk and/or milk products, especially in India, is the high prevalence of lactose intolerance [59] [60] [61] [62] . , and also all extruded products using rice flour. Ghee (clarified butter) All already cooked foods spiked with ghee.
Foods that May Be Considered for Voluntary or Market Oriented Fortification
Sugar
Dalia (porridge) Semolina (suji) Canned fruit juices Foods that require shallow or deep frying have not been mentioned. When foods are fried, vitamin D in the food comes out into the cooking medium and is thermally degraded [45] ; vitamin D is fairly robust and is stable during cooking. The term "already cooked" foods is used here only as a precautionary stance so as to not overstate vitamin D's thermal stability.
Wheat Flour
Chapati (unleavened flatbread) is widely consumed in India. Fortification of chapati flour (whole wheat flour) with vitamin D is a very viable fortification vehicle. Flour of several kinds of cereals may be used to make chapatis, e.g., wheat, corn, millet (bajra), sorghum/milo (jawar), barley (jav), etc. The most commonly used cereal is wheat flour. Chapatis are consumed by all ages, socioeconomic backgrounds and by the rural and urban populations, too. The quantity of flour consumed varies little from day to day, thus it is a suitable vehicle for fortification. Indian children start eating chapatis at around 12 months of age and then gradually eat about 20 g of flour a day by the time they are 2-3 years old. Adults in the north and central India generally consume 150-200 gm of flour daily. India is the world's second largest producer of wheat, with an annual production of about 90 million tons [63] . In 14 of India's 25 major states (which together have more than 60% of India's population), wheat is the main staple food. These states would be the obvious initial targets for introducing wheat flour fortification.
The technological feasibility and bioavailability of vitamin D in fortified wheat flour was tested in chapatis [54] bread [35, 36, 64] with encouraging results. Notably, bread fortified with 5000 IU of vitamin D 3 per daily serving consumed by sun-deprived nursing home residents in Romania (latitude: 47°N) demonstrated both the efficacy and safety of wheat flour fortification. Fortification of bread resulted in higher serum 25(OH)D concentrations (>30 ng/mL) and significantly increased bone density [64] .
Maida (All-Purpose Wheat Flour)
Maida is highly refined wheat flour. Fortification of maida will have a significant contribution in the improvement of the vitamin D status of the general population. When flour is fortified at the mill, it causes all of the many products made from that flour to also be fortified. Households purchase only small quantities of maida, primarily for making snacks and sweets. Most of the maida produced in India is consumed by bulk consumers, i.e., thousands of bakeries, hotels, restaurants and extruded food industries that produce hundreds of other products that will be consequently fortified, as well. Pertaining to baked products, most of the vitamin losses occur during baking, which is the most common process that all wheat flour products go through. Although baking temperatures are high (over 200 °C), the temperature inside the product is significantly lower, so the thermal degradation of vitamin D would be within an acceptable range.
Rice
Rice is the most widely consumed staple food in southern and eastern India. In other parts of the country, also, the consumption of rice follows closely that of wheat flour's. Some fortification technologies and characteristics of the fortified rice are mentioned below (Box 2). To cater to the needs of all socioeconomic strata, all low-end and high-end rice varieties would need to be fortified eventually. Milled white rice in India generally has a powdery residue sticking to the surface of the kernels. Starch, glucose, talc powder or other coatings may be used to improve the appearance of the grains ("polished rice", though this term may also refer to white rice in general). Additionally, there may be some dirt, too, more so in the cheaper varieties of rice sold in India. Rinsing with water 3-4 times is required before cooking. Removal of powdered residue also prevents the cooked rice kernels from sticking to each other. Hence, rinsing is a ritual strictly adhered to by all Indian cooks. This rinsing, however, will wash away any fortificant dusted or coated on the rice kernels. Therefore, use of simulated kernels packed with vitamin D may be a better choice in India, until rice milling technologies and quality control measures in India can assuredly supply rice which is residue and debris free, too.
Box 2.
Fortification technologies and characteristics of the fortified rice [65] .
Hot Extrusion
Dough made of rice flour, a fortificant mix and water passes through an extruder and cuts it into grain-like structures that resemble rice kernels. This process involves relatively high temperatures (70-110 °C). It results in fully or partially pre-cooked simulated rice kernels that have similar appearance (sheen and transparency) as regular rice kernels.
Cold Extrusion
Rice-shaped simulated kernels are produced by passing dough made of rice four, a fortificant mix and water through a simple pasta press. There is no thermal energy input other than the heat generated during the process itself. Temperature is maintained below 70 °C. Grains produced are uncooked, opaque and easier to differentiate from regular rice kernels.
Coating
Combines the fortificant mix with ingredients, such as waxes and gums. The mixture is sprayed on the rice on the surface of grain kernels in several layers to form the rice-premix and then is blended with polished rice.
Dusting
Used in the USA, this involves dusting the polished rice grains with the powder form of the micronutrient premix. The fortificant(s) sticks to the grain surface due to electrostatic forces. It is the most economical method. The label on the packaging states "to retain the micronutrients, do not rinse/wash rice before cooking". The first three processes produce a rice-premix that is blended with retail rice (polished rice packaged at rice mills). The fourth applies a micronutrient-premix directly to rice.
Rice Flour
Fortification of rice flour may prove to be advantageous, especially in southern India, where rice flour is used to prepare idlis, dosas and uthapam: idlis-steamed rice cakes, usually 2-3 inches in diameter-are made by steaming a fermented batter consisting of black lentils (de-husked) and rice; dosa-a crepe made from fermented batter of rice and black lentils (de-husked); uthapam-a pancake made from fermented batter of rice and black lentils (de-husked). Relatively, rice flour used for idli is coarser than that used for dosa. These savory dishes are staple foods in the south, and are consumed as a snack, breakfast item or a regular meal. These dishes are also very popular in the rest of the country, but are not consumed to the same extent. The advantage of rice flour is that vitamin D powder formulation may be added to the flour at the mill itself. The disadvantage is that most people in southern India still prefer to wash rice to their satisfaction and then to soak the rice and black lentils and grind the batter to their own specifications. Several brands of premixes for idli and dosa/uthapam are available in stores in most metropolises already. Due to the change in the pace of life, especially in the big cities, the ease of preparation from such premixes is attractive. The purchase of rice flour from the market will assuredly become more popular and preferred, as consumers are assured about the good manufacturing practices (GMP) adhered to by the manufacturers, and as the consumers are educated about the benefits of vitamin D fortification.
Cooking Oils and Spreads like Butter and Ghee (Clarified Butter)
Vitamin D is fat soluble; thus fats, margarine and cooking oils are attractive fortification vehicles for vitamin D all over the world [11, 24, 66] . Fortification of margarine with vitamin D is mandatory in Canada and optional in the USA [11] . Cooking oils are not fortified in the USA and Canada [67] . In relative terms, vitamin D is more robust than many other vitamins. It is generally believed to be stable during cooking. However, there are publications reporting significant losses, too [45] . Some details are included in the section pertaining to technological feasibility. Most cooking fats and oils have low specific heat and high smoke points (>180 °C) [68, 69] . Thus, most cooking oils would be unsuitable for vitamin D fortification. There is an ever rising demand for refined cooking oils in the market. The consumers prefer the neutral taste of these refined oils. The process of refining renders the cooking medium a lighter texture and significantly raises the smoke points, thus making the oils a better choice for frying foods. Due to their high smoke points, cooking oils may not be suitable vehicles for vitamin D fortification. The consumers would also need to be educated about the fact that any food fortified with vitamin D, if fried, will result in the loss of most of the vitamin D in the food. Vitamin D is fat soluble; it will come out in the cooking oil and will be thermally degraded. In a study with a vitamin D-rich dietary source, like wild salmon, frying resulted in degradation of 50% of the vitamin D content in the fish, while baking did not result in a significant loss of vitamin D [45] . To reduce the loss of fat-soluble vitamins, cooking with very little oil is advisable, i.e., baking or broiling (oil-free) instead of frying (shallow or deep).
Lessons from past experiences must guide our future strategies. A few decades ago, hydrogenated vegetable oil/vanaspati (with more than 50% "trans fats") was fortified with vitamin C. Incidentally, vitamin C is the most heat labile vitamin with significant losses above 40°C. Suffice it to say, fortification with vitamin C was eventually discontinued due to inherent technological limitations. Some states in India have implemented programs to supply edible oils fortified with vitamin A and D through public distribution systems. However, information regarding the efficacy of these programs is unavailable. Notably, cooking oil manufacturers generally comply with fortification strategies with alacrity, perhaps to leverage the marketability of their "spuriously wholesome" products. Cooking oils fortified with vitamins A, D and E are available in India, but most people are not aware of them and their claimed benefits.
Butter and ghee (clarified butter) may be fortified, but with clear instructions to be added only to already cooked food. There must be clear instructions on the label that vitamin D will be destroyed if these fats are used for frying foods. Other edible fats and oils should not be used for vitamin D fortification. In spite of the inherent limitations of the efficacy of vitamin D fortification of cooking oils, if fortification of fats and oils is permitted, it must necessitate warnings emblazoned on the packaging that overconsumption of these products may exacerbate other health issues related to metabolic syndrome. Metabolic syndrome is already plaguing most of the middle and upper classes in India.
Sugar
In 2010-2011, India was the second largest producer of sugarcane in the world with 342 million tons [63] and 24.3 million tons of sugar produced. India occasionally exports sugar. Factually, India imports sugar often to meet its ever growing domestic need. Around 65% of domestic demand comes from industrial and bulk consumers. Individual consumers contribute to the remaining 35% [70] . The food industry's demand has been strong in recent years, due to rising demand for sweets, cakes and pastries, as a result of changing food habits. Sugar available in India has much larger crystals (about 1 cubic mm). Therefore, the emulsified vitamin D powder formulation added may gradually settle at the bottom of the packaging upon storage. Boora (powdered or confectioner's sugar), which is generally used to make Indian sweets, may be a better vehicle for fortification. No publication was available pertaining to the fortification of sugar with vitamin D. Several South American countries have sugar fortified with vitamin A-another fat soluble vitamin [5, 24, 26, 27] . However, updated information on the status and efficacy of these programs is lacking.
Factors Contributing to the Success and Sustenance of Fortification Programs in India
1. Political and administration's will and support should be available from the development stage of the fortification program and, equally important, sustained. 2. To gain the committed and sustained support of the food industry, the following steps will be necessary:
2.1 The government will need to provide necessary information to the producers of fortified foods. The food industry would require updated information and dependable evidence to be able to make business decisions in favor of continued fortification and adherence to standards defined by the government. The government would need to provide support in terms of technical expertise pertaining to the production of fortified food items and the availability of standardized vitamin D formulation(s). The industry will also need information regarding types of vitamin D formulations suitable for specific fortification vehicles; levels of fortification for all different food types; and the marketing potential of the fortified items. Data pertaining to the impact of fortification on micronutrient intake and nutrition status would be most helpful. 2.2 The government will need to offer attractive incentives and subsidies to the food industry participating directly (manufacturing) or indirectly (promoting) in the fortification program. 2.3 Participation of all community-based, small-scale, medium-scale and large-scale producers of fortified foods would be needed. 2.4 Involvement of the food industry by encouraging private enterprises operating at the national and local level would be required.
3. Education: To maximize a program's effectiveness, the perceptions and attitude of the populace towards nutrition and the need for vitamin D sufficiency may need to be modulated. Winning active consumer's interest, cooperation and participation will depend on the awareness pertaining to the benefits and necessity of vitamin D sufficiency. Vitamin D deficiency is the world's most under-diagnosed and under-treated disease. There is great need for awareness of its implications among physicians and the general public at large. 4. Consumers' cooperation may be won if the additional cost of fortification for the consumers is minimal and they can be assured of a steady supply of a well-regulated quality of fortified foods. 5. Provision for affordable and widely accessible testing facilities for serum vitamin D levels at a subsidized cost may help in two ways. Consumers may determine for themselves, if they so choose, that: (1) their vitamin D status is suboptimal; and (b) the fortified foods are indeed boosting their vitamin D levels. 6. Monitoring and evaluation is a critical factor in the sustainability of fortification programs. In a country like India, rife with problems of food adulteration and corruption at all levels, perhaps affordable and easily accessible facilities to test levels of vitamin D fortification in staple foods would be extremely advantages. These facilities could be made available at minimal cost, to all distributors, retailers and consumers. This measure ought to ensure quality control of fortified foods at multiple levels and benefit the fortification program in the long run. 7. Complete transparency of government's goals, efforts and achievements through continual updates via mass media and social activists would be helpful. In the long run, this transparency will benefit all of the stakeholders of the fortification program-the food industry, consumers, government, administration and also the heavily burdened and poorly funded Indian healthcare system. 8. Effective legislation to ensure good quality and regulated vitamin D fortified foods at minimal cost to the end consumer will definitely be required. In this regard, legislature should allow expedited punitive actions for the saboteurs and unethical profiteers. That said, both the administration and legislature should very importantly be facilitative and not be restrictive or punitive to those who are striving towards attaining better bone and mineral health in India. 9. Serum vitamin D levels and health outcomes, especially bone-related, would need to be continually monitored to assess the efficacy of the fortification programs. The data would guide the fine-tuning of the fortification levels in India and also would impart tremendous credibility to the fortification program. 10. Lastly, but imperatively, the government's policies on fortification should support and expedite regional, national and also international initiatives to promote and enable "healthy eating habits" with respect to both macro-and micro-nutrients.
A Novel Strategy: Fortification of Creams and Body Lotions with Vitamin D for General Use
Skin is the largest organ of the body with a great absorption capacity. The VDR (vitamin D receptor) is abundantly expressed in skin. Keratinocyte, the major cell of the epidermis, not only expresses VDR, but also expresses enzymes (25- [72] . Additionally, sebocytes are 1,25(OH) 2 D-responsive target cells, and vitamin D may prove to be effective in the treatment of acne [73, 74] . There are several creams and lotions, available on the internet, which contain vitamin D 3 (cholecalciferol).
Body lotions and creams fortified with vitamin D may prove to be a very fashionable way to keep the skin glowing from within and without. Indians are very conscious about skin tone and complexion. The addition of SPF (sun protection factor) in such cosmetic formulations, if feasible, would be a bonus, i.e., a single-step application for moisturizing the skin, vitamin D supplementation and reduced threat of tanning. Such a product will win loyal consumers, even from rural India. Though the concept of vitamin D supplementation through body lotions and creams is very attractive, continued research is warranted to ascertain its merit.
A "Do-It-Yourself" Project
While waiting for fortification strategies to be developed and implemented nationwide, individuals could fortify their own foods. Information useful to fortify foods at home is as follows:
• Sachets of vitamin D (cholecalciferol) could be added to various food stuffs: wheat flour, rice flour, powdered sugar (boora), ghee (clarified butter), salt, ghee (only used to spike already cooked food), fruit juices, etc. • Safety concern: 60,000 IU of Vitamin D 3 is okay to be taken as a bolus dose by one person. This amount of vitamin D 3 or D 2 is not toxic. In a study, an intake of 50,000 IUs of vitamin D 2 every two weeks for six years was reported to be safe [75] . The intake of three packets of 60,000 IU every day for several weeks may lead to toxicity. However, is there any food or drink that would not be toxic if consumed at 100-times the daily amount for several weeks? The answer is: NO • Two examples of fortification at home are as follows:
(a) The average wheat flour consumption per person per day is about 200 gm. Mix contents of 1 sachet to 2.1 kg of wheat flour thoroughly and store in a cool, dark and dry place. This premix will be sufficient for four persons for 15 days. Add one cup (1 cup = 140 g) to flour before kneading the dough once every day for a family of four. This will provide about 1000 IU of vitamin D per person per day. (b) Add the contents of one sachet of vitamin D in 300 mL of condensed milk, mix thoroughly and store in an amber glass jar in the refrigerator. Consume 5 mL or one teaspoon every day after a meal or add once per day to milk, brewed tea or coffee. This will provide about 1000 IU of vitamin D every day.
This do-it-yourself project, especially with home-fortified cereal flour, may prove to be a very valuable strategy while we wait for the governments' interventions for the following reasons: (1) better compliance by all of the members of the family partaking of home cooked meals; (2) steady and sustained intake of vitamin D by all members of the family; and (3) no discrimination against girls, women and senior citizens within the household.
Conclusions
The epidemic of vitamin D deficiency in India and its health consequences call for a population-based approach, such as food fortification rather than prescribing vitamin D supplements. Fortification doses in India would need to be adjusted to suit the vitamin D status and dietary patterns of Indians. Considering the diversity of foods and cultures, a large variety of foods will need to be fortified. We propose the addition of vitamin D to wheat flour, maida, rice and rice flour in India, to increase mean daily dietary intakes of vitamin D. A significant overall improvement in bone health and general health can be anticipated with minimal risk at a modest cost, because of the ability to capitalize on existing technology and distribution systems. A detailed analysis of the economic feasibility of mandatory vitamin D fortification in India, of staple foods, such as milk, milk products, wheat flour, maida, rice and rice flour, is warranted.
